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ABSTRACT
Effects of biomass loss on the seasonal variability in storage compounds of Pterygophora
californica

by
Lindsay M. Cooper
Master of Science in Marine Science
California State University Monterey Bay, 2020

The stalked kelp, Pterygophora californica, is an important secondary canopyforming species of coastal kelp forests from Alaska to Baja. It has long been thought that
due to its long-lived, perennial thallus structures, seasonal growth and reproduction, and
compound translocation capabilities, Pterygophora creates nutrient reserves. However,
many aspects of Pterygophora have been understudied, including this theorized storage
mechanism. This study addressed its storage capabilities by identifying nutrient
compartmentalization, monitoring thalli over time, and examining allocation through
biomass removals. Compartmentalization was observed among thallus regions of control
thalli. All regions of the stipe and the reproductive sori had a higher mean %C than the
holdfast, sporophyll, and vegetative blade regions. Isotopic fractionation illustrated that
on average, the vegetative blade and sporophylls were more enriched in 13C than the
lower stipe, potentially suggesting that the high bulk carbon in the stipe is a reserve that
allocates carbohydrates to the blades. However, carbon fractionation due to
photosynthesis and respiration was not measured, and therefore it is unknown how much
impact those processes have on the 13C enrichment among thallus regions. A pattern of
decreasing mean %N was seen from the base to top of the thallus. The holdfast region on
average was the region of highest %N, and lowest C:N. A pattern of increasing C:N was
seen from the base to the top of the stipe, and the ratio in the sporophylls was more
similar to the lower and mid stipe regions than to the other blade tissues. Seasonality of
nutrient compartmentalization in the thallus was not seen, meaning time had no effect on
the chemical distribution among thallus regions (“compartments”). However, some
seasonal variability of chemicals was observed for the thallus as a whole and within
thallus regions individually. The only thallus regions that were significantly affected by
blade manipulations were the lower, mid, and upper stipe. Changes within these regions
were significantly impacted by the removal of sporophylls. Overall, the evident patterns
in this study have uncovered a consistent nitrogen reserve in the holdfast, carbon reserve
in the stipe, and allocation of carbon to the blades.
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INTRODUCTION
Global climate change affects a broad range of organisms with diverse geographical
distributions (Hughes 2000; Wuethrich 2000; McCarty 2001; Ottersen 2001; Walther et
al. 2002). Due to the complexities of ecosystems, responses to climate change are
conveyed through various functional groups. At the organismal level, these responses can
be expressed in phenology, physiology, range, and distribution of species (Parmesan et al.
1999; Bairlein & Winkel 2001; Menzel & Estrella 2001). At the habitat level, responses
can be expressed in the community composition and interactions, and the structure and
dynamics of ecosystems (McCarty 2001, Walther et al. 2002). Tracking the timing of
seasonal activities of organisms is a simple and effective way to observe ecological
changes in response to climate change (Bairlein & Winkel 2001; Menzel & Estrella
2001). In terrestrial habitats, many studies have shown phenological responses in
migratory birds, amphibians, reptiles, insects, and flowering plants (Gatter 1992; Janzen
1994; Parmesan et al. 1999; Sparks et al. 1999; Menzel & Estrella 2001; Menzel et al.
2001). The timing of responses in different species is not always synchronous & can have
great consequences (Walther et al. 2002). For example, earlier leaf unfolding in plants
can lead to an extended growing season, but also a higher risk of being damaged by a late
frost (Walther et al. 2002).
Climate change has overwhelming implications for marine ecosystems. Due to their
substantial global importance, an immense amount of research has focused on coastal
marine environments and the past, current, and future impacts of climate change (Fields
et al. 1993; Lubchenco et al. 1993; Markham 1996; Costanza et al. 1997; Halpin 1997;
Harley et al. 2006; Costanza et al. 2014). Changes in global climate have been impacting
the marine environment through increasing ocean temperatures, changing ocean
chemistry, sea level rise, changing of atmospheric circulation and winds, increasing
frequency of storms, and numerous other phenomena (IPCC 2001; Bromirski et al. 2003).
The direct impacts of climate change on an organism’s life history can be exhibited
physiologically, morphologically, and behaviorally (Andrewartha & Birch 1954; Hughes
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2000; Harley et al. 2006). Historically, most marine climate research has focused on
increasing temperature as a prominent factor driving future ecological change (Wieser
1973; Woodward 1987; Fields et al. 1993; Lubchenco et al. 1993; Wood & McDonald
1996). Rising ocean temperatures can cause many physiological problems for marine life
including protein damage, affecting the fluidity of membranes, and decreasing organ
functions (Hochachka & Somero 2002). Many marine organisms already live near their
thermal tolerances and will be negatively affected by increases in temperature (Somero
2002; Hughes et al. 2003). A conspicuous example is the bleaching and subsequent
mortality of reef-building corals (Hughes et al. 2003; McWilliams et al. 2005).
Increases in dissolved carbon dioxide changes the chemistry of the ocean, which may
be more important than changes in ocean temperature for the performance and survival of
many organisms (Harley et al. 2006). Although many marine organisms have adapted to
temperature fluctuations over the last several million years, predicted changes in pH are
higher than any suggested by the last 300 million years of the fossil record (Caldeira &
Wickett 2003; Feely et al. 2004). Processes and actions that are commonly affected by
increasing CO2 levels are calcification, respiration, swimming abilities, predator evasion,
larval development, photosynthesis, growth, and tissue composition (Hughes 2000).
While increasing CO2 may have positive impacts on photosynthesis in terrestrial plants,
most marine algae will not experience enhanced growth. Studies of reef-building corals
and calcifying algae such as coralline algae and coccolithophorids have shown that these
organisms will be negatively affected by increased levels of CO2 (Gattuso et al. 1999;
Marubini & Thake 1999; Langdon et al. 2000; Leclercq et al. 2000; Riebesell et al.
2000). Due to the widespread collective distribution of these marine organisms, rising
CO2 levels will have drastic biogeochemical and ecological impacts on the global oceans
(Gattuso & Buddemeier 2000).
Many physical factors important to marine communities are related to water motion,
and one particular stressor predicted to increase with climate change is wave stress
(Dayton 1985; Carter & Draper 1988; Bacon & Carter 1991; Elsner et al. 2008; Woolf &
Wolf 2013). Physical disturbance from hydrodynamic forces has been found to be
instrumental in structuring many subtidal communities (Sousa 1985; 2001; Seymour et al.
1989). Water motion can influence processes such as the feeding rates of herbivores,
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movement of sediment, algal propagule dispersal & settlement, nutrient availability &
uptake, and intertidal & subtidal zonation of macroalgae and invertebrates (Stephenson &
Stephenson 1949; Koehl 1977; 1984; 1986; Denny et al. 1985; Foster & Schiel 1985;
Denny 1988; Hurd 2000). Common effects of wave-imposed forces on various species
include loss of tissue biomass, weakening of structural integrity, dislodgement, change of
shape, and mechanical limitations on size (Dayton 1971; Denny 1985; Denny et al. 1985;
Gaylord et al. 1994).
Some marine organisms are more/less able to regulate their physiology than others in
order to tolerate environmental changes. Seaweeds (macroalgae) are a specious group of
organisms that span the globe as sources of primary production and habitat (Mann 1973;
Newell 1984; Dayton 1985). They can be very plastic in their morphology and
reproductive adaptations, making them highly adept at surviving changes in their
environments (Neushul 1972). The flexibility of algal fronds in both intertidal and
subtidal species allows them to contend with hydrodynamic forces in wave-swept coastal
environments (Denny & Gaylord 2002). Frond flexibility is influenced by both the shape
of the frond and the properties of its materials (Denny & Gaylord 2002). Although many
nearshore species may not appear incredibly streamlined, many can reorient their fronds
in response to water flow, resulting in an effective streamlined shape. (Koehl 1984; 1986;
Koehl & Alberte 1988; Carrington 1990). By utilizing this strategy of flexibility and
structural fluidity, coastal algae as a group have managed to withstand the effects of
applied forces (Gaylord et al. 1994).
A conspicuous and unique group of coastal seaweeds are the kelps (Laminariales).
Kelps are brown macroalgae that grow intertidally and subtidally over a broad geographic
range. Their thalli consist of a general pattern of holdfast, stipe, and blade structures.
Kelp tissue differentiates internally as epidermis, cortex, and medulla, with the addition
of modified medullary cells (Abbott & Hollenberg 1976). Using the specialized
medullary tissue, kelps are able to translocate storage products using osmotic diffusion
(Parker 1963; Chapman & Craigie 1978). Structures called sieve elements and trumpet
hyphae, located in the medulla, allow the conduction of materials throughout the thallus
(Schmitz & Srivastava 1976). Schmitz & Lobban (1976) observed translocation of
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photoassimilates in 13 genera of the Laminariales; all genera exhibited long-distance
transport of 14C-labeled products from their mature source tissue to meristematic sinks
(haptera and intercalary growing regions). Kelps transport carbon as sugar compounds
produced through photosynthesis, which are used for growth and structural rigidity.
Excess sugars from photosynthesis are generally stored as the polysaccharide laminarin,
before being converted to mannitol and transported to growth areas (Kremer 1981).
Organic nitrogen makes up a large component of photosynthetic pigments, amino acids,
and proteins needed for tissue growth (reviewed in Hurd et al. 2014).
It has long been thought that different structures on a kelp thallus perform different
functions, such as photosynthesis and storage sinks (Black 1948; Black 1954; Chapman
and Craigie 1978; Gagne et al. 1982). Previous study of storage mechanisms in
Macrocystis pyrifera has shown that the direction of resource translocation relies on the
proximity of the storage sink to the tissue acting as the source (Schmitz & Srivastava
1979). Fox (2013) designed his study to quantify the effect of biomass loss on resource
translocation to the source region. He observed that for Macrocystis, the translocation of
stored carbon is essential for productivity and recovery from disturbance. Patterns in δ13C
enrichment in sink versus source regions were found to be directly proportional to
biomass loss, and significant connections were seen between the remaining biomass and
the type of tissue (Fox 2013). Studies such as these can be used to describe the recovery
potential of algal species after natural disturbances.
Storage in kelps is driven, in part, by seasonal variability in the surrounding
environment. Early studies of seasonal effects on photosynthesis and respiration of
marine algae reported that with increasing temperature, species were respiring more than
they were photosynthesizing (Kniep 1914; Harder 1915; Ehrke 1931). This was reflected
in higher respiration during summer, with no acquisition of resource surplus, and highest
net gain from photosynthesis in the winter and early spring. However, later studies that
conducted longer-term measurements of photosynthesis and respiration saw the effects of
seasonal adaptations in an assortment of perennial species (Lampe 1935; Montfort 1935).
Species were observed producing their highest net gain from photosynthesis during the
summer due to stronger underwater irradiances (Lampe 1935; Montfort 1935; Kanwisher
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1966). In addition, respiration rates during the summer were only slightly higher than
those measured in winter, and therefore were not depleting the resources accumulated
during that time. Seasonal fluctuations of growth have been observed in kelp species of
the genus Laminaria (Parke 1948; Lüning 1971; Mann 1972; Chapman & Craigie 1977).
In Laminaria saccharina, considerable variation in growth rate of the blade and stipe
occurs during different times of year (Parke 1948). Chapman & Craigie (1977; 1978)
associated seasonal growth in Laminaria longicruris with nutrient availability in seawater
and the utilization of carbohydrate and nitrogen reserves. Studies demonstrating a freerunning circannual growth rhythm in Pterygophora californica and Laminaria spp. have
contested the conventional ideas that seasonal nitrogen availability directly controls kelp
tissue growth (Lüning 1991; tom Dieck 1991; Lüning & Kadel 1993; Schaffelke &
Lüning 1994). Many growth and seasonality studies have been conducted for various
species of Laminaria, however, far less is known about the storage mechanisms of the
lone member of the genus Pterygophora (Alariaceae).
The subtidal understory kelp, Pterygophora californica, is a prime subject for
studying storage mechanisms and physiological response due to its long-lived, slow
growing perennial thallus, seasonal vegetative tissue, and seasonal reproductive cycle
(McKay 1933). It commonly grows in dense, single-species stands, averaging 7 adult
thalli per m2 throughout its range in the northeast Pacific (Dayton et al. 1984; Reed &
Foster 1984; De Wreede 1984; 1986; Hymanson et al. 1990; Reed 1990). As a stipitate
understory algal species, Pterygophora creates a 3-dimensional secondary canopy habitat
above the benthos, providing shelter and food for many mobile and sessile invertebrates,
fishes, and algal communities (reviewed by Dayton 1985).
Algal species in the understory canopy guild are more adapted to tolerate wave stress
than those making up the taller canopy guilds (Dayton et al. 1984). They can exhibit
morphology and physiology to help alleviate this stress in several ways including
allometric growth patterns and frond flexibility (Gaylord & Denny 1997). Generally
speaking, algal blades and stipes are composed of materials that are low in stiffness, and
high in extensibility (Koehl 1986; Denny et al. 1989; Hale 2001). Even understory
species with erect ‘woody’ stipes, such as Pterygophora, are extremely flexible (Koehl
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1984; Biedka et al. 1987; Denny et al. 1989). De Wreede et al. (1992) were able to bend
intact Pterygophora stipes more than 360˚. However, algal materials have a low work of
fracture (0.2–3 kJ m–2) and some species may be compromised by very small wounds
(Biedka et al. 1987; Denny et al. 1989; Hale 2001). Kelp thalli can obtain cuts and nicks
from grazers and from scraping across rocks and large barnacles. Previous experiments
have shown the ability of Pterygophora to heal wounds by regenerating small cells in the
wound gap, and by radially growing larger existing stipe cells inward from the surface
layer (De Wreede et al. 1992). Measurements revealed that their stipes healed rapidly,
and therefore, deep cuts were merely present for a short period of time. The results seen
by De Wreede et al. (1992) do not support the claim by Biedka et al. (1987), that a
critical flaw length (CFL) of 0.2 mm is all it takes to compromise the integrity of a
Pterygophora stipe. The former study saw no catastrophic failure of stipes subjected to
cuts that were one-order of magnitude larger than the calculated CFL of the latter. Not
only did they recover, but the stipes that had regenerated tissue to heal wounds were able
to withstand increased mean forces applied to them during biomechanical tests.
Pterygophora also exhibits seasonal cycles of growth and reproduction (Frye 1918;
DeWreede 1984; 1986; Dayton 1984; Lüning 1991). For almost two centuries, we have
known of the existence of concentric growth rings in the stipe of this species (Ruprecht
1848). Studies have determined that they are formed during alternating periods of slow
(darker tissue) and rapid (lighter tissue) growth associated with light, and that one light
and one dark ring were each formed annually (MacMillan 1902; Frye 1918). Researchers
are able to use information about the formation of these rings to study the age and
structure of Pterygophora populations (DeWreede 1984; Hymanson et al. 1990). The
growth of various species of marine algae is strongly influenced by the surrounding
environment, and therefore expresses patterns of periodicity and seasonality (Kain 1971;
Novaczek 1981). Populations of Pterygophora in British Columbia undergo their
maximum stipe elongation from approximately February or March to June, and have
minimal elongation from approximately October to December or January (DeWreede
1984). Seasonal growth in Pterygophora has been popularly assumed to be driven by the
ability to sustain resource reserves, however previous research has yet to confirm this
idea. It is due to their long-lived nature and potential reserve capabilities that
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Pterygophora thalli can afford to produce spores only during times most suitable for
greatest reproductive success, as they are likely to persist to reproduce in subsequent
years (Reed et al. 1996).
My study explores the mechanisms behind the seasonal variations in resource storage
and the ability of Pterygophora to use this strategy to recover from biotic or abiotic
disturbances in the subtidal environment. Through simulated physical disturbance, I will
illustrate how this species copes with the stresses of increased hydrodynamic forces that
will occur with climate change. More specifically, the questions I have addressed are: 1)
Does Pterygophora californica exhibit within-thallus compartmentalization? 2) Does P.
californica exhibit seasonal variability in compartmentalization of resources? 3) Does
biomass loss impact the compartmentalization of resources in P. californica?
Since it has previously been demonstrated by Schmitz & Lobban (1976) that
Pterygophora translocate carbon, I did not expect to see homogeneity within its thallus.
For this reason, I investigated my first hypothesis that Pterygophora californica exhibit a
physiological mechanism of compartmentalization by testing for a heterogeneous pattern
of nutrients spatially throughout the thallus. The fact that specialized regions of the
thallus perform growth, reproduction, photosynthesis, and transport also led me to believe
that I would find a distinct difference in the mean values of %C, %N, δ13C, and C:N. My
second hypothesis stems from the previous research documenting seasonal patterns of
growth and reproduction in various kelps species. I was eager to see if Pterygophora
would exhibit distinct seasonal variability in compartmentalization of internal resources.
Black (1948; 1950a; b) observed variations in carbohydrate content of Laminaria spp. in
relation to season, depth, current, and wave exposure. This study demonstrated that
production of laminarin and mannitol, the two major storage products of kelps, reaches a
crest during the summer and fall, with a following decline during the winter. This appears
to be the universal trend in several species of brown algae (Craigie 1974). Because wave
disturbance is a common and increasing stress to coastal inhabitants, I wanted to examine
the effect that it can have on the physiology and recovery potential of one of the most
interesting local kelps. Biomass removal can simulate degrees of stress applied to an
individual, or in this case a population, inflicted by the natural environment. By
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performing this experiment, I intended to build upon the fundamental concepts of this
subtidal study, hypothesizing that biomass loss would affect the compartmentalization of
resources in Pterygophora.

MATERIALS AND METHODS
Study Site
Research was conducted in Stillwater Cove, which is located in Carmel Bay along
the central coast of California. The Cove opens to the southwest, and the local kelp forest
is fairly protected from large swells by Cypress Point (Storlazzi & Field 2000). These
large swells can be attributed to northwesterly winds in the spring and storms in the
winter. The kelp forest grows on a hard, moderate-relief substratum of Carmelo
Formation sandstone, conglomerate, and lava (Simpson 1972) with depth ranging to
approximately 15 meters. Underneath the surface canopy comprised mainly of
Macrocystis pyrifera, the understory is dominated by Pterygophora californica and
Stephanocystis osmundacea. Stillwater Cove has been well described ecologically and
oceanographically, and thus makes for a model location for this study (Reed & Foster
1984; Clark et al. 2004; Donnellan 2004). In addition, kelp tissue chemistry should be
largely unaffected by the minimal input of terrestrial nutrients at this site (Carroll 2009).

Experimental Design
In June 2017, a 50-meter-long lead line was laid at approximately 8.5 meters depth
and marked at both ends with a surface buoy. A PVC placard was attached to the lead line
every 10 meters, marked with the numbers 1-4. The purpose of this was to break up the
lead line into manageable sections for sampling purposes and to give divers a sense of
direction if disoriented.
Whole Pterygophora were tagged as control or experimental thalli. Tags were
constructed from DYMO embossing labels depicting the thallus manipulation treatment,
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with a hole punched on each end of the label. A single large zip tie was threaded through
both holes of the label and cinched down onto the base of the stipe. This design allowed
the tags to lay relatively flat against the stipe instead of dangling free at one end. Control
thalli were unmanipulated and experimental thalli were subjected to 3 different treatments:
(1) removal of the vegetative blade above the meristem; (2) removal of all sporophylls; and
(3) removal of both the vegetative blade above the meristem and all sporophylls (Figure
1). At the start of the experiment (time = 0), experimental thalli were manipulated, and a
group of control thalli were harvested to represent the starting conditions of the
Pterygophora population. Blade manipulations were maintained monthly for 15 months,
and whole thalli were harvested every three months for 15 months.

In the lab, harvested thalli were cleaned of epiphytes and invertebrate inhabitants,
and the following morphometric measurements were recorded for all harvested
Pterygophora thalli:
-

stipe length (cm)

-

transition zone length (cm) – (region where the stipe, sporophylls, and base of
vegetative blade all converge; this region is less pigmented than the rest of the
surrounding tissue).

-

vegetative blade length (cm)

-

average length of sporophylls (cm) – (an average of the length of a basal, mid
and upper sporophyll from each thallus)

-

# sporophylls

-

reproductivity (presence/absence of sori)

-

stipe width at base (cm)

-

stipe width at middle (cm)

-

stipe width at upper (cm)

-

total thallus wet weight

-

holdfast wet weight (g)

-

stipe wet weight (g)

-

total sporophylls wet weight (g) – (combined wet weight of all sporophylls on
the thallus)
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-

vegetative blade wet weight (g)

-

control or manipulation treatment

Thalli were then cut into sections using an X-Acto knife, and 3-5 gram samples
were taken from 7 different regions: holdfast, lower stipe, mid stipe, upper stipe,
vegetative blade, sporophyll with no sorus, and soral tissue (if present) (Figure 2). The
uppermost portion of the stipe was considered a “transition zone”, due to the fact that it
becomes flattened, much lighter in color, and is the area where sporophylls grow out
laterally, and the vegetative blade grows apically. In this region, stipe and blades all
converge. For this reason, “upper stipe” samples were not taken from this transition zone,
but instead were taken from the area just below. Stipe samples were obtained by crosssectioning through the stipe in order to sample all layers of tissue (epidermis, cortex, and
medulla). These tissue samples were dried at 60 °C and ground into a fine powder using
the combined efforts of a ball mill and a fabricated steel crushing device for harder
pieces. In preparation for chemical analyses, the powdered tissue was weighed into 1-3
mg samples using a microbalance and placed in 5x9 mm tin capsules. A total of 357
individual samples were sent to the SIMS Light Stable Isotope Lab at UC Santa Cruz
where they were analyzed for %C, δ13C, %N, δ15N, and C:N. Values of %C and %N were
used to describe changes in bulk composition and areas of resource
compartmentalization, whereas δ13C and C:N were used to investigate physiological
changes across tissue as a function of the allocation of internal resources. Results for δ15N
are reported in Appendix-A, as they were included with this stable isotope analysis and
may be helpful for studies in the future but are not related to the specific hypotheses of
this study.

Statistical Analysis
Population Morphometrics
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Statistical analysis was performed on morphometric data as well as chemical data.
Although morphology did not address hypotheses of this study, these data were used to
compliment the data obtained through chemical analysis. Tissue samples from 79
randomly harvested thalli were used for the analyses of this study. For the first two
sampling dates, 7/1/2017 and 10/9/2017, 6 thalli were harvested from each treatment.
Over the course of the experiment it appeared I had been losing tagged thalli, either to
mortality or loss of the tag. I wanted to make sure I had enough of each treatment for the
duration of the experiment. For this reason, I reduced my collection size to 3 from each
treatment for sampling dates 1/14/2018, 4/21/2018, 7/19/2018, and 11/8/2018. The whole
sampled population consisted of 25 unmanipulated controls, 18 that had their vegetative
blades removed, 18 that had their sporophylls removed, and 18 that had both their
vegetative and sporophylls removed. The sample sizes were used for morphometric data,
however, data were standardized to 3 thalli per sampling date, per treatment for analysis
of chemical data. For the purpose of this study, any presence of reproductive tissue (sori)
depicts the ability of unmanipulated or manipulated thalli to become fertile.
For unmanipulated control thalli, a Pearson’s Chi-square (χ2) test was used to look
at the differences in the number of thalli that were reproductive over time. Seasonal
changes in regional proportions of the total thallus biomass was analyzed using one-way
Analyses of Variance (ANOVAs) and a Tukey HSD post hoc test. The relationships
between the average total sporophyll biomass, average number of sporophylls, and
average sporophyll length were analyzed with linear regressions, and the seasonal
changes of these variables were analyzed with one-way ANOVAs and Tukey HSD posthoc testing. The relationship between the average vegetative blade biomass and average
vegetative blade length was analyzed with a linear regression, and the seasonal changes
of these variables were analyzed with one-way ANOVAs and Tukey HSD post-hoc tests.
The relationships between the average total sporophyll biomass vs. average vegetative
blade biomass and average sporophyll length vs. average vegetative blade length were
analyzed using linear regressions.
For manipulated experimental thalli, Pearson’s Chi-square tests were used to look
at the differences in the number of thalli that were reproductive over time. The
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relationships between the average total sporophyll biomass, average number of
sporophylls, and average sporophyll length for Pterygophora from the minus vegetative
blade treatment were analyzed with linear regressions, and the seasonal changes of these
variables were analyzed with one-way ANOVAs and Tukey HSD post-hoc testing. The
effect of treatment and the interaction of sampling date*treatment on these samples were
analyzed with two-way ANOVAs. The relationship between the average vegetative blade
biomass and average vegetative blade length was analyzed with a linear regression, and
the seasonal changes of these variables were analyzed with one-way ANOVAs. The
effect of treatment and the interaction of sampling date*treatment were analyzed with
two-way ANOVAs.

Hypothesis Testing
To test the hypothesis that natural populations of Pterygophora californica exhibit
a physiological storage mechanism of compartmentalization, I tested only the data for the
“control” individuals. One-way ANOVAs were used to test the effect of thallus region on
the mean amounts of %C, δ13C, %N, δ15N, and C:N. Significant results would reveal
different values of these constituents within various regions of the Pterygophora thallus,
suggesting a mechanism of internal resource compartmentalization. All significant factors
were followed by Tukey HSD post-hoc tests to examine the differences among thallus
regions.
To test the hypothesis that Pterygophora californica exhibit seasonal variability in
compartmentalization, I also used only the data for the “control” individuals. Two-way
ANOVAs were used to determine if sampling date had an effect on the variability of
thallus compartmentalization, and if sampling date and thallus region had an interacting
effect on chemical constituents. The data for the “sorus” thallus region was excluded
from these tests because it was not present for all sampling dates. All significant factors
were followed by Tukey HSD post-hoc tests to examine the differences among each level
of sampling date and thallus region. One-way ANOVAs were used to determine if
sampling date had an effect on the variability of chemical constituents within each thallus
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region individually. All significant factors were followed by a Student’s t-test to examine
the differences among all sampling dates for each thallus region.
To test the hypothesis that the storage mechanism of Pterygophora californica
would be affected by biomass loss, I used data from all treatments: the unmanipulated
control thalli and the manipulated experimental thalli. The data from 7/1/2017 was
excluded from this test because only samples from the “control” treatment were harvested
on this date as it was the start of the manipulations for all other treatments. Two-way
ANOVAs were used to examine the effects of biomass loss on internal resources and
their compartmentalization. All significant factors were followed by Tukey HSD posthoc tests to examine the differences between each level of sampling date and treatment
by thallus region.

RESULTS
Population Morphometrics

Control Thalli (unmanipulated)
Documenting characteristics of control thalli over the course of the study was
important for making comparisons to the thalli that were manipulated across the same
timeframe. All 6 thalli harvested on 7/1/2017 were controls because this sampling date
marked the beginning of all manipulations for experimental treatments. Control thalli
harvested on the first date are especially important because they served as the baseline for
Pterygophora characteristics at the start of the experiment. Significant differences in
fertility by sampling date were detected (χ2 (5, N = 25) = 18.75, p = 0.0021, Figure 3).
This clear seasonal pattern illustrates that thalli were partially reproductive (16.7%)
during 7/1/2017 sampling, they were 100% reproductive from 10/9/2017 - 1/14/2018,
fertility dropped to 0% by 4/21/2018, picked back up again (66.7%) on 7/19/2018, and
finally were 100% reproductive on 11/8/2018 (Figure 3). This baseline fertility pattern
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was useful in identifying how much of an effect reproduction may have on depleting
resource reserves.
The sporophylls consistently made up the majority of the biomass of the thalli
throughout the 15 months, followed by the stipe, the holdfast, and lastly the vegetative
blade (Figure 4). The only structure for which the percent of the thallus significantly
changed by date was that of the vegetative blade (ANOVA: F 5,19 = 4.0059, p = 0.0119,
Tukey HSD: p < 0.05, Table 1A, Figure 4). Both the number of sporophylls (Regression:
R2 = 0.18, F 1,21 = 4.8865, p = 0.0373, Figure 5) and the average sporophyll length
(Regression: R2 = 0.47, F 1,21 = 20.4352, p = 0.0002, Figure 5) had a significant positive
relationship with the total sporophyll biomass of control thalli. Some seasonal
fluctuations in the sporophylls can be seen, however, only the average number of
sporophylls per thallus was significantly different based on sampling date (ANOVA: F
5,19 =

3.4303, p = 0.0224, Tukey HSD: p < 0.05, Table 2A, Figure 6).
Vegetative blade biomass of control thalli had a significant positive relationship

with vegetative blade length (Regression: R2 = 0.82, F 1,23 = 102.3737, p < 0.0001, Figure
7). Both the average vegetative blade length and average vegetative blade biomass were
significantly different among sampling dates (ANOVA: F 5,19 = 13.5232, p < 0.0001; F
5,19 =

10.3493, p < 0.0001, Tukey HSD: p < 0.05, Table 3, Figure 8). Total sporophyll

biomass had a significant positive relationship with vegetative blade biomass
(Regression: R2 = 0.42, F 1,23 = 16.4492, p = 0.0005, Figure 9). Average sporophyll length
did not have a significant relationship with vegetative blade length (Regression: R2 =
0.12, F 1,23 = 3.1355, p = 0.0899, Figure 10).

Experimental Thalli (manipulated)
Experimental thalli were manipulated with three treatments for 15 months: (1)
removal of the vegetative blade above the meristem; (2) removal of all sporophylls; and
(3) removal of both the vegetative blade above the meristem and all sporophylls (Figure
1), fundamentally altering the natural patterns of reproduction and blade tissue growth.
No experimental thalli were harvested for the 7/1/2017 sampling date because this was
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the time of initial manipulations at the start of the experiment, and we assume that
controls harvested on this date were representative of the population at the start of the
experiment because all thalli were randomly tagged. The first group of experimental
thalli were harvested on 10/9/2017. All thalli harvested from the treatment where
sporophylls were removed did not develop soral tissue on any sporophyll regrowth
regardless of sampling date (Figure 11). Significant differences in fertility by sampling
date were only detected for Pterygophora from the treatment where the vegetative blade
was removed (χ2 (4, N = 18) = 10.29, p = 0.0359, Figure 11). Like the control group,
sampling dates 10/9/2017, 1/14/2018, and 11/8/2018 were 100% reproductive. With this
manipulation, however, 33.33% were reproductive on 4/21/2018 and 7/19/2018 (Figure
11). Seasonal changes were seen in fertility of Pterygophora from the treatment where
both sporophylls and vegetative blade were removed, however, these changes were not
deemed significantly different by a Pearson Chi-square test (χ2 (4, N = 18) = 4.50, p =
0.3425, Figure 11).
By simulating disturbance through biomass loss, I inherently changed the patterns
of thallus structure proportions in manipulated thalli compared to the controls. Mirroring
the controls, the thalli in the minus vegetative blade treatment showed that sporophylls
consistently made up the majority of the biomass, followed by the stipe, the holdfast, and
lastly the regrowth of vegetative blade tissue (Figure 12). Vegetative blade regrowth was
seen in thalli harvested on 10/9/2017, 1/14/2018, and 11/8/2018. For thalli in the minus
sporophylls treatment, the stipe was consistently the majority of the biomass, followed by
the holdfast (Figure 12). Thalli harvested on 4/21/2018 exhibited sporophyll regrowth
that equated to a higher percentage (5.4%) of the total biomass than the vegetative blade
(0.9%) (Figure 12). Thalli harvested on 1/14/2018, 7/19/2018, and 11/8/2018 also
exhibited sporophyll regrowth, but not enough to outweigh the average proportion of
vegetative blade (Figure 12). For thalli in the minus both sporophylls and vegetative
blade treatment, the stipe was consistently the majority of the biomass. The holdfast was
the second largest percentage of the biomass for all sampling dates except for 11/8/2018
when the average sporophyll regrowth (15.3%) outweighed the average proportion of
holdfast (14.9%) (Figure 12). Regrowth of sporophylls was observed on thalli harvested
on 1/14/2018, 4/21/2018, 7/19/2018, and 11/8/2018 (Figure 12). Regrowth of the
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vegetative blade was observed on thalli harvested on 7/19/2018 and 11/8/2018 (Figure
12).
The total sporophyll biomass of thalli from the minus vegetative blade treatment
had no significant relationship with the number of sporophylls (Regression: R2 = 0.05, F
1,15 =

0.7371, p = 0.4041, Figure 13) or the average sporophyll length (Regression: R2 =

0.05, F 1,16 = 0.7758, p = 0.3915, Figure 13). Seasonal differences were found in the
average number of sporophylls between Pterygophora in the minus vegetative blade
treatment and those in the controls (ANOVA: F 4,26 = 5.2147, p = 0.0032, Tukey HSD: p
< 0.05, Table 4A, Figure 14). However, there was no difference in the average number of
sporophylls by treatment between the controls and minus vegetative blade treatment
(ANOVA: F 1,26 = 0.0136, p = 0.9079, Table 4A). There was also no effect of the
interaction of sampling date*treatment on the average number of sporophylls (ANOVA:
F 4,26 = 0.5766, p = 0.6821, Table 4A). Seasonal differences were found in the average
sporophyll length between Pterygophora in the minus vegetative blade treatment and
those in the controls (ANOVA: F 4,27 = 8.1939, p = 0.0002, Tukey HSD: p < 0.05, Table
4B, Figure 14). Treatment also had a significant effect on the average sporophyll length,
showing that thalli harvested from the minus vegetative blade treatment had significantly
longer sporophylls on average than those from the controls (ANOVA: F 1,27 = 5.7415, p =
0.0238, Table 4B, Figure 14). There was no effect of the interaction between sampling
date*treatment (ANOVA: F 4,27 = 1.9164, p = 0.1356, Table 4B). There was no difference
in average total sporophyll biomass among sampling dates (ANOVA: F 4,27 = 1.6080, p =
0.2010, Table 4C), treatments (ANOVA: F 1,27 = 0.0818, p = 0.7771, Table 4C), or the
interaction between sampling date*treatment (ANOVA: F 4,27 = 0.1606, p = 0.9564, Table
4C).
Vegetative blade biomass of thalli from the minus sporophylls treatment had a
significant positive relationship with vegetative blade length (Regression: R2 = 0.79, F 1,16
= 58.4967, p < 0.0001, Figure 15). The data for vegetative blade measurements were not
normally distributed due to some values of zero, so a Log [x + 1] transformation was
used to normalize these data. Sampling date had no effect on the average vegetative blade
biomass (ANOVA: F 4,27 = 2.0929, p = 0.1095, Table 5A) or the average vegetative blade
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length (ANOVA: F 4,27 = 0.7535, p = 0.5645, Table 5B) for Pterygophora from the minus
sporophylls and control treatments. There was a significant treatment effect for both
average vegetative blade biomass (ANOVA: F 1,27 = 14.2666, p = 0.0008, Table 5A) and
average vegetative blade length (ANOVA: F 1,27 = 11.0370, p = 0.0026, Table 5B). Thalli
harvested from the minus sporophylls treatment had lower vegetative biomass and shorter
vegetative blade length on average than control thalli (Figure 16). This indicates that
removing sporophylls significantly decreases vegetative blade production. There was no
significant effect of the interaction between sampling date*treatment on the average
vegetative blade biomass (ANOVA: F 4,27 = 2.2725, p = 0.0875, Table 5A) or average
vegetative blade length (ANOVA: F 4,27 = 1.2356, p = 0.3193, Table 5B) of these thalli.

Compartmentalization of Internal Resources
To first address the very existence of resource compartmentalization in
Pterygophora, thallus regions (holdfast, lower stipe, mid stipe, upper stipe, sporophyll,
sorus, vegetative blade) were compared to each other for the %C, δ13C, %N, and C:N
values obtained from all control samples, for all sampling dates. There were significant
differences in %C among thallus regions (ANOVA: F 6,112 = 22.2351, p < 0.0001, Table
6A). The %C composition in regions of holdfast, sporophyll, and vegetative blade were
significantly lower than all three stipe regions and the sorus (Tukey HSD: p < 0.05,
Figure 17). There were significant differences in δ13C among thallus regions (ANOVA: F
6,112 =

2.9937, p = 0.0095, Table 6B). The regions of sporophyll and vegetative blade

were significantly enriched in 13C relative to the lower stipe region (Tukey HSD: p <
0.05, Figure 18). There were significant differences in %N among thallus regions
(ANOVA: F 6,112 = 24.9665, p < 0.0001, Table 6C). The holdfast region was significantly
higher in %N than every other region. In addition, the lower stipe was significantly
higher in %N than upper stipe, sporophyll, sorus, & vegetative blade (Tukey HSD: p <
0.05, Figure 19). Finally, there were significant differences in C:N among thallus regions
(ANOVA: F 6,112 = 17.5575, p < 0.0001, Table 6D). The C:N for holdfast region was
significantly lower than all other regions. The sporophylls were lower in C:N than the
upper stipe, sorus, and vegetative blade regions; the lower stipe also had significantly
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lower C:N than the upper stipe region. The mid stipe was only significantly higher than
the holdfast region (Tukey HSD: p < 0.05, Figure 20).

Seasonal Variability of Internal Resources

To address the seasonal variability of internal storage compounds across the
whole thallus and the potential interaction of seasonality and thallus region, sampling
date and thallus region factors were used to analyze the %C, δ13C, %N, and C:N values
obtained from all control samples. The data for the “sorus” thallus region were excluded
from these tests because this structure was not present for all sampling dates.
No significant differences in thallus %C were found among sampling dates
(ANOVA: F 5,71 = 0.5356, p = 0.7486, Table 7A) or the interaction between sampling
date*thallus region (ANOVA: F 25,71 = 0.5803, p = 0.9354, Table 7A). However, there
were significant differences among thallus regions, which were already confirmed by the
analysis for the first question (ANOVA: F 5,71 = 22.5332, p < 0.0001; Tukey HSD: p <
0.05, Figure 17), indicating that compartmentalization was temporally stable in control
thalli.
No significant differences in thallus δ13C were found for the interaction of
sampling date*thallus region (ANOVA: F 25,71 = 1.2104, p = 0.2616, Table 7B), however,
there were significant differences in thallus δ13C among sampling dates (ANOVA: F 5,71 =
6.0015, p = 0.0001, Tukey HSD: p < 0.05, Table 7B, Figure 21) and δ13C among thallus
regions (ANOVA: F 5,71 = 4.6385, p = 0.0010, Tukey HSD: p < 0.05, Table 7B, Figure
18) independently.
No significant differences in thallus %N were found for the interaction of
sampling date*thallus region (ANOVA: F 25,71 = 0.7652, p = 0.7698, Table 7C).
However, there were significant differences in thallus %N among sampling dates
(ANOVA: F 5,71 = 5.8356, p = 0.0001, Tukey HSD: p < 0.05, Table 7C, Figure 22) and
%N among thallus regions (ANOVA: F 5,71 = 34.9751, p < 0.0001, Tukey HSD: p <
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0.05 , Table 7C, Figure 19). Significant differences in mean %N by thallus region were

confirmed in the analysis for the first hypothesis (Figure 19).
No significant differences in thallus C:N were found among sampling dates
(ANOVA: F 5,71 = 1.8383, p = 0.1163, Table 7D) or the interaction between sampling
date*thallus region (ANOVA: F 25,71 = 1.3082, p = 0.1890, Table 7D). However, there
were still significant differences in C:N among thallus regions, which were already
confirmed by the analysis for the first question (ANOVA: F 5,71 = 23.2633, p < 0.0001 ,
Tukey HSD: p < 0.05, Table 7D, Figure 20).
To address the seasonal variability of internal storage compounds in each thallus
region individually, sampling date was compared to the %C, δ13C, %N, and C:N values
obtained from all control samples in one thallus region at a time. The data for the “sorus”
thallus region were excluded from these tests because this structure was not present for
all sampling dates.
Results for holdfast region: There were no significant differences in %C
(ANOVA: F 5,11 = 0.8727, p = 0.5296, Table 8A), δ13C (ANOVA: F 5,11 = 1.0089, p =
0.4569, Table 8B), %N (ANOVA: F 5,11 = 1.0666, p = 0.4290, Table 8C), or C:N
(ANOVA: F 5,11 = 0.1693, p = 0.9687, Table 8D) among sampling dates in the holdfast
region.
Results for lower stipe region: No significant differences were found for %C
(ANOVA: F 5,12 = 0.2531, p = 0.9302, Table 9B), δ13C (ANOVA: F 5,12 = 0.5847, p =
0.7118, Table 9C), or C:N (ANOVA: F 5,12 = 1.8256, p = 0.1822, Table 9D) among
sampling dates in the lower stipe region. However, there were significant differences in
%N among sampling dates in the lower stipe region (ANOVA: F 5,12 = 3.2696, p =
0.0430, Tukey HSD: p < 0.05, Table 9A, Figure 23).
Results for mid stipe region: No significant differences were found for %C
(ANOVA: F 5,12 = 2.3984, p = 0.0996, Table 10B), δ13C (ANOVA: F 5,12 = 1.1749, p =
0.3765, Table 10C), or C:N (ANOVA: F 5,12 = 0.8880, p = 0.5186, Table 10D) among
sampling dates in the mid stipe region. However, there were significant differences in
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%N among sampling dates in the mid stipe region (ANOVA: F 5,12 = 7.3290, p = 0.0023,
Tukey HSD: p < 0.05, Table 10A, Figure 24).
Results for upper stipe region: There were no significant differences in %C
(ANOVA: F 5,12 = 0.7803, p = 0.5827, Table 11A), δ13C (ANOVA: F 5,12 = 0.4725, p =
0.7899, Table 11B), %N (ANOVA: F 5,12 = 1.4257, p = 0.2838, Table 11C), or C:N
(ANOVA: F 5,12 = 0.2377, p = 0.9382, Table 11D) among sampling dates in the upper
stipe region.
Results for sporophyll region: There were no significant differences in %C
(ANOVA: F 5,12 = 0.4639, p = 0.7959, Table 12A), δ13C (ANOVA: F 5,12 = 2.6573, p =
0.0768, Table 12B), %N (ANOVA: F 5,12 = 0.4579, p = 0.8001, Table 12C), or C:N
(ANOVA: F 5,12 = 1.9375, p = 0.1614, Table 12D) among sampling dates in the
sporophyll region.
Results for vegetative blade region: No significant differences were found for
%C (ANOVA: F 5,12 = 0.4302, p = 0.8191, Table 13B), %N (ANOVA: F 5,12 = 2.7330, p
= 0.0713, Table 13C), or C:N (ANOVA: F 5,12 = 1.8282, p = 0.1817, Table 13D) among
sampling dates in the vegetative blade region. However, there were significant
differences in δ13C among sampling dates in the vegetative blade region (ANOVA: F 5,12
= 3.4369, p = 0.0370, Student’s t: p < 0.05, Table 13A, Figure 25).

Effects of Biomass Loss on Internal Resources
To address the effects of biomass loss on internal storage compounds and
compartmentalization in Pterygophora and the potential interaction of seasonality and
treatment, sampling date and treatment were tested among thallus regions for the %C,
δ13C, %N, and C:N values obtained from all control and experimental samples. The data
from the 7/1/2017 sampling date were excluded from this test because only samples from
the “control” treatment were harvested, as it was the start of the manipulations for all
other treatments.
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Results for holdfast region: No significant differences were found for %C
(ANOVA: F 4,39 = 0.6496, p = 0.6306; F 3,39 = 0.4055, p = 0.7499; F 12,39 = 0.4441, p =
0.9344, Table 14A), %N (ANOVA: F 4,39 = 0.5416, p = 0.7061; F 3,39 = 1.4798, p =
0.2350; F 12,39 = 0.7186, p = 0.7244, Table 14C), or C:N (ANOVA: F 4,39 = 1.3191, p =
0.2799; F 3,39 = 2.4373, p = 0.0791; F 12,39 = 0.3689, p = 0.9669, Table 14D) among
sampling dates, treatments, or the interaction between sampling date*treatment. No
significant differences in δ13C were found among treatments or the interaction between
sampling date*treatment (ANOVA: F 3,39 = 0.6392, p = 0.5943; F 12,39 = 0.5447, p =
0.8714, Table 14B). However, there were significant differences in δ13C among sampling
dates (ANOVA: F 4,39 = 3.2695, p = 0.0210, Tukey HSD: p < 0.05, Table 14B, Figure
26).
Results for lower stipe region: No significant differences in %C were found
among sampling dates or the interaction between sampling date*treatment (ANOVA: F
4,40 =

0.2463, p = 0.9102; F 12,40 = 0.1840, p = 0.9985, Table 15A). No significant

differences in %N were found among treatments or the interaction between sampling
date*treatment (ANOVA: F 3,40 = 0.5531, p = 0.6491; F 12,40 = 0.4191, p = 0.9469, Table
15C). No significant differences were found for δ13C (ANOVA: F 4,40 = 1.8923, p =
0.1307; F 3,40 = 0.7339, p = 0.5379; F 12,40 = 0.7999, p = 0.6483, Table 15B) or C:N
(ANOVA: F 4,40 = 1.8170, p = 0.1445; F 3,40 = 0.3186, p = 0.8119; F 12,40 = 0.4645, p =
0.9236, Table 15D) among sampling dates, treatments, or the interaction between
sampling date*treatment. However, there were significant differences in %C among
treatments (ANOVA: F 3,40 = 4.1432, p = 0.0120, Tukey HSD: p < 0.05, Table 15A,
Figure 27). There were also significant differences in %N among sampling dates
(ANOVA: F 4,40 = 3.1023, p = 0.0258, Tukey HSD: p < 0.05, Table 15B, Figure 28).
Results for mid stipe region: No significant differences in %C were found among
sampling dates or the interaction between sampling date*treatment (ANOVA: F 4,40 =
1.7445, p = 0.1593; F 12,40 = 1.7933, p = 0.0829, Table 16A). No significant differences
were found for δ13C (ANOVA: F 4,40 = 1.8253, p = 0.1429; F 3,40 = 0.8222, p = 0.4894; F
12,40 =

0.4332, p = 0.9402, Table 16B), %N (ANOVA: F 4,40 = 1.810, p = 0.3338; F 3,40 =

0.3412, p = 0.7956; F 12,40 = 0.9950, p = 0.4707, Table 16C), or C:N (ANOVA: F 4,40 =
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1.1954, p = 0.3277; F 3,40 = 1.1137, p = 0.3549; F 12,40 = 0.3209, p = 0.9812, Table 16D)
among sampling dates, treatments, or the interaction between sampling date*treatment.
However, there were significant differences in %C among treatments (ANOVA: F 3,40 =
9.2957, p < 0.0001, Tukey HSD: p < 0.05, Table 16A, Figure 29).
Results for upper stipe region: No significant differences in %C were found
among sampling dates or the interaction between sampling date*treatment (ANOVA: F
4,39 =

1.0953, p = 0.3724; F 12,39 = 0.7259, p = 0.7177, Table 17A). No significant

differences in δ13C were found among treatments or the interaction between sampling
date*treatment (ANOVA: F 3,39 = 1.8711, p = 0.1504; F 12,39 = 0.4846, p = 0.9115, Table
17B). No significant differences were found for %N (ANOVA: F 4,39 = 2.3677, p =
0.0693; F 3,39 = 0.9844, p = 0.4101; F 12,39 = 0.9986, p = 0.4681, Table 17C) or C:N
(ANOVA: F 4,39 = 1.1168, p = 0.3625; F 3,39 = 0.2277, p = 0.8765; F 12,39 = 0.5430, p =
0.8726, Table 17D) among sampling dates, treatments, or the interaction between
sampling date*treatment. However, there were significant differences in %C among
treatments (ANOVA: F 3,39 = 6.7230, p = 0.0009, Tukey HSD: p < 0.05, Table 17A,
Figure 30). There were also significant differences in δ13C among sampling dates
(ANOVA: F 4,39 = 3.4090, p = 0.0175, Tukey HSD: p < 0.05, Table 17B, Figure 31).
Results for sporophyll, sorus, and vegetative blade regions: Due to the biomass
removal experiment, there was not enough sporophyll, sorus, or vegetative blade tissue
present for all sampling dates and/or treatments to analyze the chemistry statistically.
Mean values of %C, %N, δ13C, and C:N for each of these regions can be seen in
Appendix- B.

DISCUSSION

Previous work on various kelp species has revealed that different thallus structures
perform different physiological and ecological functions including growth,
photosynthesis, structural integrity, translocation, and storage (Black 1948; Black 1954;
Lüning et al. 1973; Chapman & Craigie 1978; Küppers & Kremer 1978; Gagne et al.
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1982). Pterygophora californica is a kelp species that possesses both perennial and
annual thallus structures on the same individual, which can perform different functions
(McKay 1933). It has been popularly assumed that the ability of Pterygophora to sustain
resource reserves allows for their seasonal growth patterns and presence of specialized
structures. The primary objective of this study was to document the presence of
Pterygophora’s storage ability by targeting resource compartmentalization and its
changes over time and during manipulations.
After testing for compartmentalization in a population of controls, I can
confidently report that for all response variables measured (%C, δ13C, %N, and C:N),
significant results confirmed the existence of compartmentalization of storage
compounds. The results of the carbon data were interesting in that the values of %C in
the holdfast were more similar to those of the sporophylls and vegetative blade regions
than of the entire stipe and the soral tissue, indicating C enrichment (=storage,
accumulation) in the stipe and reproductive tissues. I had assumed that the primary
function of the holdfast was attachment, and that because of its proximity to the lower
stipe, it would be most similar to that region. It seems intuitive that the stipe would have
higher carbon on average because of its perennial presence, but surprising that the
holdfast does not as well. The data shows that on average, the holdfast also contains
slightly more carbon biomass than the sporophylls (Figure 17). Seeing as they historically
make up at least 44% of the biomass of the entire thallus (De Wreede 1984) and were
consistently the largest proportion of control thallus biomass throughout my study, it’s
logical to think that they might’ve steadily contained the bulk of the carbon.
Many organisms put huge amounts of energy into reproduction, so it seems intuitive
that because of spore production, the sporophyll and sorus regions would have high
carbon values. However, previous kelp research suggests that the energy cost of
producing spores may be quite low (De Wreede & Klinger 1988; Pfister 1992). Unlike
flowering plants, macroalgae do not form large, complex structures to produce their
spores, and the structures that do encapsulate them can photosynthesize (De Wreede &
Klinger 1988; Amsler & Neushul 1991; Reed et al. 1992). Since the sporophylls can
photosynthesize in addition to producing sites of spore production, this concept adds
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more complexity to the sporophyll story. This region may be performing the bulk of the
photosynthesis and continuously transporting those photosynthates down to the stipe
reserves. This mechanism could explain why the main sporophyll tissue could be more
deplete in carbon, while retaining a higher concentration of carbon in the sori. Further
analysis of the carbon in these regions such as sugar analysis and stable carbon isotope
feeding experiments would help to illustrate this data in greater detail.
When looking at the results for δ13C, it appears that the vegetative blade and
sporophylls on average had more positive values of δ13C than the lower stipe. This means
that compared to the lower stipe, those blades were more enriched in 13C, or the heavier
carbon isotope. Vascular plant research has discovered that carbon allocation can drive
isotopic gradients in different types of tissue (Hobbie and Werner 2004, Gessler et al.
2009, Werner and Gessler 2011). It has been observed that heterotrophic (sink) tissues
such as roots and stems are generally 13C-enriched relative to autotrophic (source) tissue
such as the leaves (Cernusak et al. 2009). Fox (2013) illustrated with his experiment that
similar to plants, Macrocystis pyrifera frond initials (dominant sinks) were consistently
13

C-enriched relative to canopy blades (sources). Macrocystis was observed translocating
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C-enriched compounds from mature blades to frond initials, aiding in translocation-

mediated recovery. A comprehensive study of translocation in numerous species of the
Laminariales confirmed that not only can Pterygophora perform long-distance transport
of carbon, but the pattern of translocation is consistently from source to sink (Schmitz
and Lobban 1976). That study was conducted from May-June and identified the transition
zones between stipe and lamina and growing haptera as sinks. However, they recognized
that there could be a different translocation pattern in fall. So, it appears that although
mean %C data shows that the vegetative blade and sporophylls contain less overall
carbon than the lower stipe, it is possible that more 13C-enriched compounds are likely
being allocated to the former regions for tissue growth. Carbon fractionation also takes
place during photosynthesis and respiration, so it is very likely that these processes are
altering the values for 13C-enrichement in these regions. Additional carbon analyses are
required to provide explanations of allocation.
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My findings for the compartmentalization of %N are quite interesting. The values of
%N decreased from the base to the top of the thallus. Since photosynthetic pigments
contain lots of nitrogen, naturally I would expect to see higher amounts of nitrogen in the
blades. However, the holdfast region on average contained the highest %N, significantly
different from all others. Lower stipe was similar to mid stipe, but different from all other
upper regions as well. It is possible that the dark epidermal layer of cells on the stipe and
holdfast contains a high amount of pigment, and consequently, a high number of
pigment-proteins. However, this dark epidermal layer covers the entirety of the stipe,
which if this were the reason, would mean the holdfast and all 3 designated stipe regions
would be similar. Several past studies have looked into the details of seasonal growth
rings present in the stipes of Pterygophora (MacMillan 1902; Frye 1918; DeWreede
1984; Hymanson et al. 1990). These rings, consisting of alternating dark and light tissue,
hypothetically could contain more nitrogen-rich pigments combined than internal cell
layers of the blades. More in-depth microscopy to look at the types of cell tissue and
pigments in the layers of the stipe and the transition area would be a great addition. A
likely explanation for greater nitrogen in the lower regions is the fully perennial nature of
the holdfast and stipe, continually serving as sites for nitrogen storage, allowing for
nutrient allocation unaffected by nitrogen levels in the surrounding environment.
Previous research described that adult kelp thalli invest a trivial amount of nitrogen into
spores compared to the amount they invest in vegetative tissue (Reed et al. 1996). My
results did not produce a significant difference in the amount of bulk nitrogen contained
in the general blade tissues vs. the soral tissue. Since soral tissue is part of the sporophyll
blade tissue, this finding suggests that nitrogen that was allocated beyond the normal
amount found in blade tissue was so little that it was undetectable.
Results for C:N values corresponded well with the results for %N and %C,
showing a lower value for C:N in the holdfast region than all other regions. Across the
control samples, the holdfast region has stood out as an area with highest nitrogen
concentration and lower carbon concentration. This holdfast pattern seems to be the most
intriguing of the study. The holdfast is at the base of the thallus, receiving the least light,
and yet is the most nitrogen rich. This phenomenon suggests that nutrients are being
transported to and collected in the holdfast. It’s highly unlikely that the amount of
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nitrogen available to the holdfast would be any greater than that available to the rest of
the thallus, let alone the lower stipe which is connected to it and therefore in extremely
close proximity. Cunningham (2019) argued that the water column in kelp beds is well
mixed due to turbulence caused by wave orbitals shearing off of the stipes of Macrocystis
pyrifera. In addition, De Wreede (1984) found that rapid growth of Pterygophora did not
coincide with periods of high levels of nitrogen availability in the surrounding water.
Further chemical investigations such as protein and pigment analyses could be done to
determine in what form the nitrogen is accumulated within the holdfast region. In
addition, an pattern of increasing C:N was seen from the base to top of the stipe, and the
ratio in the sporophylls was more similar to the lower and mid stipe than to the sorus and
vegetative blade regions.
I harvested unmanipulated Pterygophora californica thalli for 15 months, in an
attempt to characterize seasonal fluctuations of chemical compartmentalization. Kelps
normally display robust seasonality in growth, exhibiting elongation in the winter and
early spring. Even in darkness, kelps initiate winter growth. By restricting Laminaria
hyperborea thalli to darkness from January to June, Lüning (1971) revealed they were
able to form a new blade. This is made possible by the storage of carbohydrates produced
the previous summer season, allowing for seasonal growth that is not solely driven by
nitrogen availability in the water (Lüning 1971; Mann 1973; Chapman & Craigie 1978;
Chapman & Lindley 1980). A multi-year study of Macrocystis pyrifera and
Pterygophora in southern California confirmed that resource availability and other
environmental conditions had a greater impact on the fecundity of species that produce
all year (Macrocystis), than on those with stringent seasonal reproductive cycles
(Pterygophora) (Reed et al. 1996).
Analyses of the interaction between sampling date and thallus region on the
internal constituents revealed that time had no significant effect on the
compartmentalization. However, chemical differences were seen within thallus region
“compartments” when analyzed individually. Holdfast, upper stipe, and sporophyll tissue
chemistry did not significantly change according to sampling date. Mean %N
significantly differed seasonally in the lower stipe and mid stipe. In the lower stipe, mean
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%N was significantly higher on 1/14/2018 than it was on 7/1/2017 (Figure 23). In the mid
stipe, mean %N was significantly higher on 1/14/2018 than it was on 7/1/2017,
4/21/2018, 7/19/2018, and 11/8/2018 (Figure 24). Results for these two stipe regions
reflect the whole thallus mean %N values relative to sampling date (Figure 22). The
enriched nitrogen levels in the winter and fall are likely the concentration of pigments for
better light harnessing during the shorter photoperiod. Since the typical Monterey Bay
upwelling season is March-July, it is very unlikely that this pattern is reliant on nitrogen
availability in the water. In addition, 100% of thalli harvested on 1/14/2018 had
reproductive sori present. This suggests that fertility has negligible to no effect on the
internal nitrogen content of the other regions of the thallus, consistent with previous
research detailing how little nitrogen is invested in spores at any given time (Reed et al.
1996).
The vegetative blade region varied significantly in δ13C among sampling dates.
Values for mean 13C were higher on 7/1/2017 and 10/9/2017 than on 7/19/2018 and
11/8/2018. Morphometric measurements throughout the study confirmed that thalli
harvested on 7/1/2017 and 10/9/2017 also had higher mean vegetative blade biomass and
longer mean vegetative blade length than thalli from 7/19/2018 and 11/8/2018. The
seasonal patterns in these data are disjointed, and it is unclear why I am seeing a different
pattern of 13C enrichment from one summer and fall season to another, other than the
simple fact that there was more blade tissue in the summer and fall of 2017. In theory, the
vegetative blade would act as a sink in winter and early spring (highest 13C), and a source
in summer and fall (lowest 13C), but this pattern is only expressed with summer and fall
2017. It is possible that inconsistencies in sampling may have had an effect. Because the
vegetative blade tissue was so variable and a minimum amount of tissue was needed for
chemical analysis, sometimes only a piece of the blade was sampled, and sometimes it
required the entire blade. It is possible that by sampling an entire blade, more mature
blade tissue could have diluted a signal of enriched new growth, and vice versa. Of
course, there is a possibility that this pattern is accurate and could be explored further.
Starting on 7/1/2017, I manipulated experimental thalli to mimic natural wave
disturbance removing blade biomass. Over the course of the 15-month experiment, I
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maintained these blade removals in an attempt to detect differences in internal chemical
composition and compartmentalization over time. Stored reserves have been
demonstrated to be vital to autotrophs when recovering from disturbance. As vascular
plants have been studied in much detail, the results of this study can provide further
understanding of this mechanism in our coastal marine macrophytes. Due to my findings
of compartmentalization of thallus regions in controls, each region for this question was
analyzed individually for the effects of seasonality and experimental treatment as its own
“compartment”. It seemed appropriate to observe the thallus regions in this way since
they have proven to be chemically and functionally unique.
The holdfast region exhibited significant differences in δ13C only among sampling
dates. Holdfast samples from thalli harvested on 7/19/2018 had significantly higher mean
13

C than those harvested on 1/14/2018, regardless of treatment. The internal pattern of

δ13C in the holdfast region shows a slightly greater enrichment in the controls, and the
least enrichment for samples from the minus veg. blade + sporophylls treatment.
However, this pattern is not significant by treatment, and so what makes it significant by
sampling date? The perennial regions such as the stipe and holdfast are likely able to
photosynthesize just enough on their own in summer to enrich, and any uncut or regrown blade tissue that is present could allocate whatever extra assimilates is possible. In
addition, vascular plant research has observed enrichment of stored carbohydrates in
comparison to newly assimilated ones. It is possible that similar physiological processes
in kelps may be able to drive fractionation within a storage reserve (Tcherkez et al.
2004).
The lower stipe region exhibited significant differences in %C among treatments
and %N among sampling dates. Lower stipe samples from thalli in the minus vegetative
blade treatment had a higher mean %C than those in the minus sporophylls and minus
veg. blade + sporophylls treatments, regardless of sampling date. This clearly illustrates
that removing the sporophylls has a greater impact on the bulk carbon in the lower stipe
than removing the vegetative blade. Lower stipe samples from thalli harvested on
1/14/2018 had higher mean %N than those harvested on 4/21/2018, regardless of
treatment. The mechanism behind this difference in nitrogen of all experimental thalli is
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difficult to pin down. Since nitrogen is a major component of chlorophyll, amino acids,
energy transporting compounds, and nucleic acids, further analysis is required to
categorize these values in more detail. Pigment and protein analysis on these samples
would add more clarity.
The mid stipe region exhibited significant differences in %C only among
treatments. Mid stipe samples from control thalli and from thalli in the minus vegetative
blade treatment had a higher mean %C than those in the minus sporophylls and minus
veg. blade + sporophylls treatments, regardless of sampling date. Like what was seen in
the lower stipe region, it appears that the vegetative blade has very little, if any, effect on
the carbon content in the mid stipe. The sporophylls seem to drive the carbon changes.
The upper stipe region exhibited differences in %C among treatments and δ13C
among sampling dates. Upper stipe samples from control thalli and from thalli in the
minus vegetative blade treatment had a higher mean %C than those in the minus
sporophylls and minus veg. blade + sporophylls treatments, regardless of sampling date.
Like the results for the other stipe regions, it appears that removal of the sporophylls has
a much greater effect on the bulk carbon in the stipe than removal of the vegetative blade.
Thalli harvested on 4/21/2018 had higher mean δ13C than those harvested on 1/14/2018,
regardless of treatment. Like the holdfast, the stipe is likely able to photosynthesize just
enough on its own in summer to enrich, and any uncut or re-grown blade tissue that is
present could allocate whatever extra assimilates is possible. In addition, vascular plant
research has observed enrichment of stored carbohydrates in comparison to newly
assimilated ones. It is possible that similar physiological processes in kelps may be able
to drive fractionation within a storage reserve (Tcherkez et al. 2004). Winter storms
remove a large majority of Macrocystis pyrifera surface canopy, leaving them to start
replenishing biomass in the spring, and reaching a maximum canopy size in summer
(Foster 1982; Reed & Foster 1984). Benthic light levels can increase 4- to 5-fold from
thinning or removing a giant kelp surface canopy (Watanabe et al. 1992). With the
presence of Macrocystis canopy, the greatest amount of light intensity for Pterygophora
may very well be in April before the surface canopy thickens. It’s likely that
Pterygophora perennial regions are able to access more light at this time, and could likely
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explain why the highest amount of carbon allocation to the upper stipe region was
detected on 4/21/2018 compared to all other sampling dates (Figure 31).

CONCLUSIONS
While some aspects of this study remain unexplained, it seems several
overarching patterns were uncovered. Compartmentalization of internal compounds in
Pterygophora californica exists, suggesting regions of nutrient storage. All regions of the
stipe and the reproductive sori had a higher mean %C than the holdfast, sporophylls, and
vegetative blade. Isotopic fractionation illustrated that on average, the vegetative blade
and sporophylls were more enriched in 13C than the lower stipe, potentially suggesting
that the high bulk carbon in the stipe is a reserve that allocates carbohydrates to the
blades. However, carbon fractionation due to photosynthesis and respiration was not
measured, and therefore it is unknown how much impact those processes have on the 13C
enrichment among thallus regions. A pattern of decreasing mean %N was seen from the
base to top of the thallus. The holdfast region on average was the region of highest %N,
and lowest C:N. This is perhaps the most intriguing development of the study. However,
without further analyses of nitrogen-based compounds, the explanation for this
occurrence is purely conjecture. Carbon to nitrogen ratio increased from the base to the
top of the stipe, and the ratio in the sporophylls was more similar to the lower and mid
stipe regions than to the other blade tissues. Seasonality of nutrient compartmentalization
in the thallus was not seen, meaning time had no effect on the chemical distribution
among thallus regions (“compartments”). However, some seasonal variability of
chemicals was observed for the thallus as a whole and within thallus regions individually.
The only thallus regions that were significantly affected by blade manipulations were the
lower, mid, and upper stipe. Changes within these regions were significantly impacted by
the removal of sporophylls. Overall, the evident patterns in this study have uncovered a
consistent nitrogen reserve in the holdfast, carbon reserve in the stipe, and allocation of
carbon to the blades.
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This study provides the first empirical evidence of compartmentalization of
resources in Pterygophora californica. Much research has been done on the chemical
composition of other kelp species, but Pterygophora morphology and longevity is so
unique that this information does not fully translate to the understanding of this species.
To further the understanding of the patterns of chemical distribution and seasonal
variability of these resources, future research should include a wider range of chemical
analyses such as sugar, pigment, and protein analyses. The development of compoundspecific stable isotope values for laminarin and mannitol would tremendously benefit the
use of isotopic fractionation as a method of examining kelp physiology. An additional
laboratory experiment using radioactive 14C would also help to illuminate some of the
more elusive concepts of this study.
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FIGURES

Figure 1: Manipulation treatments performed on experimental Pterygophora californica
thalli
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Figure 2: Section designations for samples taken from harvested Pterygophora thalli.
Upper stipe samples were taken below the “transition zone” as indicated. Samples were
used for the chemical analyses.
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Figure 3: Percent of harvested control thalli that were reproductive on each sampling
date (n = 6, n = 6, n = 3, n = 4, n = 3, n = 3) respectively.
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Figure 4: Wet weight of thallus regions as the % of total thallus biomass for control
thalli harvested among sampling dates. Sample sizes are indicated by the number at the
base of each bar.
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Figure 5: Regression analysis of the relationship of total wet weight of sporophylls (g)
to the number of sporophylls per thallus (n = 25, y = 135.9 + 16.53*x) and the average
sporophyll length (cm) (n = 25, y = -102.8 + 14.8*x) for harvested control thalli. Shaded
region is 95% confidence interval.
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Figure 6: Mean sporophyll length (cm), total wet weight of sporophylls (g), and number
of sporophylls of harvested control thalli among sampling dates (n = 6, n = 6, n = 3, n =
4, n = 3, n = 3) respectively. Letters indicate significant differences among sampling
dates; sampling dates not connected by the same letter are significantly different. Line
graph overlay is percent of fertile thalli in the sampled control population (%). Error bars
are ±SE.
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Figure 7: Regression analysis of the relationship between wet weight of the vegetative
blade (g) and the vegetative blade length (cm) for harvested control thalli (n = 25, y =
0.7917 + 0.356*x). Shaded region is 95% confidence interval.

49

A
AB

BC

BC
C

C

A
AB
AB
BC
BC
C

Figure 8: Mean wet weight of the vegetative blade (g) and vegetative blade length (cm)
of harvested control thalli among sampling dates (n = 6, n = 6, n = 3, n = 4, n = 3, n = 3)
respectively. Letters indicate significant differences among sampling dates; sampling
dates not connected by the same letter are significantly different. Line graph overlay is
percent of fertile thalli in the sampled control population (%). Error bars are ±SE.
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Figure 9: Regression analysis of the relationship between total wet weight of
sporophylls (g) and the wet weight of the vegetative blade (g) for harvested control thalli
(n = 25, y = 0.2899 + 0.03025*x). Shaded region is 95% confidence interval.
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Figure 10: Regression analysis of the relationship between average sporophyll length
(cm) and vegetative blade length (cm) for harvested control thalli from all sampling dates
(n = 25).
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Figure 11: Percent of harvested control & manipulated thalli that were reproductive on
each sampling date among treatments. On 7/1/2017, only control thalli were harvested as
it was the start of experimental manipulations. Control thalli and experimental thalli were
harvested on all other sampling dates. Sample sizes among treatments and sampling dates
are as follows: control (n = 6, n = 6, n = 3, n = 4, n = 3, n = 3, respectively); minus
sporophylls (n = 0, n = 6, n = 3, n = 3, n = 3, n = 3, respectively); minus vegetative blade
(n = 0, n = 6, n = 3, n = 3, n = 3, n = 3, respectively); minus vegetative blade and
sporophylls (n = 0, n = 6, n = 3, n = 3, n = 3, n = 3, respectively).
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Figure 12: Wet weight of thallus regions as the % of total thallus biomass for control &
manipulated thalli harvested among sampling dates and treatments. On 7/1/2017, only
control thalli were harvested as it was the start of experimental manipulations. Control
thalli and experimental thalli were harvested on all other sampling dates. Sample sizes
among treatments and sampling dates are as follows: control (n = 6, n = 6, n = 3, n = 4, n
= 3, n = 3, respectively); minus sporophylls (n = 0, n = 6, n = 3, n = 3, n = 3, n = 3,
respectively); minus vegetative blade (n = 0, n = 6, n = 3, n = 3, n = 3, n = 3,
respectively); minus vegetative blade and sporophylls (n = 0, n = 6, n = 3, n = 3, n = 3, n
= 3, respectively).
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Figure 13: Regression analysis of the relationship of total wet weight of sporophylls (g)
to the number of sporophylls per thallus (n = 18, y = 309.6 + 8.33*x) and the average
sporophyll length (cm) (n = 18, y = 363.3 + 4.08*x) for harvested thalli from the minus
vegetative blade treatment. Shaded region is 95% confidence interval.
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Figure 14: Mean number of sporophylls, total wet weight of sporophylls (g), and
sporophyll length (cm) of harvested control & minus veg. blade treatment thalli among
sampling dates. On 7/1/2017, only control thalli were harvested as it was the start of
experimental manipulations. Data to the right of the dotted line were included in the
analysis of variance. Letters indicate significant differences among sampling dates;
sampling dates not connected by the same letter are significantly different. Asterisks
indicate a significant difference between treatments. Sample sizes among treatments and
sampling dates are as follows: control (n = 6, n = 6, n = 3, n = 4, n = 3, n = 3,
respectively); minus vegetative blade (n = 0, n = 6, n = 3, n = 3, n = 3, n = 3,
respectively). Error bars are ±SE.

56

Figure 15: Regression analysis of the relationship between the vegetative blade wet
weight (g) and the vegetative blade length (cm) for harvested thalli from the minus
sporophylls treatment (n = 18, y = -0.4275 + 0.744*x). Data was Log [x+1] transformed
to satisfy the assumption of normal distribution. Shaded region is 95% confidence
interval.
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Figure 16: Mean vegetative blade length (cm) and wet weight (g) of harvested control &
minus sporophylls treatment thalli among sampling dates. Data was Log [x+1]
transformed to satisfy the assumption of normal distribution. On 7/1/2017, only control
thalli were harvested as it was the start of experimental manipulations. Data to the right
of the dotted line were included in the analysis of variance. Letters indicate significant
differences among treatments; treatments not connected by the same letter are
significantly different. Sample sizes among treatments and sampling dates are as follows:
control (n = 6, n = 6, n = 3, n = 4, n = 3, n = 3, respectively); minus vegetative blade (n =
0, n = 6, n = 3, n = 3, n = 3, n = 3, respectively). Error bars are ±SE.
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Figure 17: Mean %C among thallus regions of harvested control thalli for all sampling
dates. Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among thallus regions; thallus regions not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 18: Mean δ13C among thallus regions of harvested control thalli for all sampling
dates. Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among thallus regions; thallus regions not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 19: Mean %N among thallus regions of harvested control thalli for all sampling
dates. Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among thallus regions; thallus regions not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 20: Mean C:N among thallus regions of harvested control thalli for all sampling
dates. Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among thallus regions; thallus regions not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 21: Mean δ13C of harvested control thalli among sampling dates. “Sorus” thallus
region was excluded from these data because it was not present on each sampling date.
Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 22: Mean %N of harvested control thalli among sampling dates. “Sorus” thallus
region was excluded from these data because it was not present on each sampling date.
Sample sizes are indicated by the number at the base of each bar. Letters indicate
significant differences among sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 23: Mean %C, δ13C, %N, and C:N values for the lower stipe region of control
thalli among all sampling dates. Sample size for each bar is n = 3. Letters indicate
significant differences among sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 24: Mean %C, δ13C, %N, and C:N values for the mid stipe region of control
thalli among all sampling dates. Sample size for each bar is n = 3. Letters indicate
significant differences among sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 25: Mean %C, δ13C, %N, and C:N values for the vegetative blade region of
control thalli among all sampling dates. Sample size for each bar is n = 3. Letters indicate
significant differences among sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 26: Mean %C, δ13C, %N, and C:N for holdfast region of control and
experimental thalli among sampling dates. On 7/1/2017, only control thalli were
harvested as it was the start of experimental manipulations, and thus data from that
sampling date was excluded from this analysis. Sample size for each bar is n = 12, except
those of 10/9/2017, for which n = 11. Letters indicate significant differences among
sampling dates; sampling dates not connected by the same letter are significantly
different. Error bars are ±SE.

68

AB

B

A

B

Figure 27: Mean %C, δ13C, %N, and C:N for lower stipe region of control and
experimental thalli among all treatments. On 7/1/2017, only control thalli were harvested
as it was the start of experimental manipulations, and thus data from that sampling date
was excluded from this analysis. Sample size for each bar is n = 15. Letters indicate
significant differences among treatments; treatments not connected by the same letter are
significantly different. Error bars are ±SE.
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Figure 28: Mean %C, δ13C, %N, and C:N for lower stipe region of control and
experimental thalli among sampling dates. On 7/1/2017, only control thalli were
harvested as it was the start of experimental manipulations, and thus data from that
sampling date was excluded from this analysis. Sample size for each bar is n = 12. Letters
indicate significant differences sampling dates; sampling dates not connected by the same
letter are significantly different. Error bars are ±SE.
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Figure 29: Mean %C, δ13C, %N, and C:N for mid stipe region of control and
experimental thalli among all treatments. On 7/1/2017, only control thalli were harvested
as it was the start of experimental manipulations, and thus data from that sampling date
was excluded from this analysis. Sample size for each bar is n = 15. Letters indicate
significant differences among treatments; treatments not connected by the same letter are
significantly different. Error bars are ±SE.
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Figure 30: Mean %C, δ13C, %N, and C:N for upper stipe region of control and
experimental thalli among all treatments. On 7/1/2017, only control thalli were harvested
as it was the start of experimental manipulations, and thus data from that sampling date
was excluded from this analysis. Sample size for each bar is n = 15, except those of
minus sporos, for which n = 14. Letters indicate significant differences among treatments;
treatments not connected by the same letter are significantly different. Error bars are ±SE.
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Figure 31: Mean %C, δ13C, %N, and C:N for upper stipe region of control and
experimental thalli among all sampling dates. On 7/1/2017, only control thalli were
harvested as it was the start of experimental manipulations, and thus data from that
sampling date was excluded from this analysis. Sample size for each bar is n = 12, except
those of 4/21/2018, for which n = 11. Letters indicate significant differences among
treatments; treatments not connected by the same letter are significantly different. Error
bars are ±SE.
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TABLES

Table 1: One-way ANOVA testing the effect of seasonal variability on regional
proportions of the total thallus biomass for control thalli.

A) Vegetative Blade % of total biomass
Source
Date
Error

DF

Sum of F Ratio Prob > F
Squares
5 16.822217 4.0059 0.0119*
19 15.957524

B) Sporophylls % of total biomass
Source

DF

Sum of F Ratio Prob > F
Squares

Date
Error

5 407.31838
19 1359.7518

1.1383

0.3745

C) Stipe % of total biomass
Source
Date
Error

DF

Sum of F Ratio Prob > F
Squares
5 232.93101 0.7337 0.6072
19 1206.3417

D) Holdfast % of total biomass
Source

DF

Sum of
Squares

Date
Error

5 170.31018
19 504.76971

F Ratio Prob > F
1.2821

0.3124
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Table 2: One-way ANOVA testing the effect of seasonal changes on the mean # of
sporophylls per thallus, mean sporophyll length (cm), and mean total sporophyll wet
weight (g) for control thalli.

A) # Sporophylls / thallus
Source

DF

Date
Error

5 613.61000
19 679.7500

Sum of
Squares

F Ratio Prob > F
3.4303

0.0224*

B) Sporophyll length (cm)
Source

DF

Date
Error

5 1402.9048
19 2927.4352

Sum of
Squares

F Ratio Prob > F
1.8211

0.1568

C) Sporophyll wet weight (g)
Source

DF

Date
Error

5 729319.66
19 1286342.8

Sum of
Squares

F Ratio Prob > F
2.1545

0.1027
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Table 3: One-way ANOVA testing the effect of seasonal variability on mean vegetative
blade length (cm) and mean vegetative blade wet weight (g) for control thalli.

A) Vegetative blade length (cm)
Source

DF

Sum of
Squares

Date

5

22250.506

Error

19

6252.354

F Ratio Prob > F
13.5232

<.0001*

B) Vegetative blade wet weight (g)
Source

DF

Sum of
Squares

Date

5

3236.2242

Error

19

1188.2558

F Ratio Prob > F
10.3493

<.0001*
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Table 4: Two-way ANOVA testing variability in mean # of sporophylls per thallus,
mean sporophyll length (cm), & mean sporophyll wet weight (g) due to sampling date,
treatment, and sampling date*treatment for thalli in the control & minus vegetative blade
treatments.

A) # Sporophylls / thallus
Source
Sampling date
Treatment
Sampling date*Treatment
Error

DF
4
1
4
26

Sum of Squares
775.31170
0.50676
85.72196
966.4167

F Ratio
5.2147
0.0136
0.5766

Prob > F
0.0032*
0.9079
0.6821

DF
4
1
4
27

Sum of Squares
3387.9767
593.4933
792.3710
2790.9631

F Ratio
8.1939
5.7415
1.9164

Prob > F
0.0002*
0.0238*
0.1365

Sum of Squares
509912.93
6485.29
50934.05
2140550.4

F Ratio
1.6080
0.0818
0.1606

Prob > F
0.2010
0.7771
0.9564

B) Sporophyll length (cm)
Source
Sampling date
Treatment
Sampling date*Treatment
Error

C) Sporophyll wet weight (g)
Source
Sampling date
Treatment
Sampling date*Treatment
Error

DF
4
1
4
27
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Table 5: Two-way ANOVA testing variability in mean vegetative blade wet weight (g)
and mean vegetative blade length (cm) due to sampling date, treatment, and sampling
date*treatment for thalli in the control & minus sporophylls treatments. Data for both
vegetative biomass and vegetative length was Log [x + 1] transformed.

A) Vegetative blade wet weight (g)
Source
Sampling date
Treatment
Sampling date*Treatment
Error

DF
4
1
4
27

Sum of Squares
5.1688933
8.8087149
5.6124290
16.670807

F Ratio
2.0929
14.2666
2.2725

Sum of Squares
2.4818573
9.0884389
4.0699067
22.233268

F Ratio
0.7535
11.0370
1.2356

Prob > F
0.1095
0.0008*
0.0875

B) Vegetative blade length (cm)

Source
Sampling date
Treatment
Sampling date*Treatment
Error

DF
4
1
4
27

Prob > F
0.5645
0.0026*
0.3193
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Table 6: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N due to
thallus region for control thalli. Data from all sampling dates was included in this
analysis.

A) %C
Source

DF

Thallus region
Error

6
112

Sum of
Squares
958.73604
804.8708

F Ratio Prob > F
22.2351

<.0001*

B) δ13C
Source

DF

Thallus region
Error

6
112

Sum of
Squares
52.711576
328.67177

F Ratio Prob > F

Sum of
Squares
8.7534803
6.544693

F Ratio Prob > F

2.9937

0.0095*

C) %N
Source

DF

Thallus region
Error

6
112

24.9665

<.0001*

D) C:N
Source

DF

Thallus region
Error

6
112

Sum of
Squares
966.04923
1027.0759

F Ratio Prob > F
17.5575

<.0001*
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Table 7: Two-way ANOVA testing variability in mean %C, δ13C, %N, and C:N among
sampling date, thallus region, and sampling date*thallus region for control thalli. The
“sorus” thallus region was not present for all dates, and therefore excluded from these
analyses.

A) %C
Source

DF

Sampling date
Thallus region
Sampling date*Thallus region
Error

5
5
25
71

Sum of
Squares
21.80271
917.31638
118.11787
578.0753

F Ratio Prob > F
0.5356
22.5332
0.5803

0.7486
<.0001*
0.9354

B) δ13C
Source

DF

Sampling date
Thallus region
Sampling date*Thallus region
Error

5
5
25
71

Sum of
Squares
67.098772
51.860272
67.665541
158.76137

F Ratio Prob > F

Sum of
Squares
1.4371420
8.6133350
0.9422912
3.497039

F Ratio Prob > F

6.0015
4.6385
1.2104

0.0001*
0.0010*
0.2616

C) %N
Source

DF

Sampling date
Thallus region
Sampling date*Thallus region
Error

5
5
25
71

5.8356
34.9751
0.7652

0.0001*
<.0001*
0.7698

D) C:N
Source

DF

Sampling date
Thallus region
Sampling date*Thallus region
Error

5
5
25
71

Sum of
Squares
69.95839
885.29727
248.92493
540.3893

F Ratio Prob > F
1.8383
23.2633
1.3082

0.1163
<.0001*
0.1890
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Table 8: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“holdfast” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
42.592719
107.36812

F Ratio Prob > F

Sampling date
Error

5
11

Sum of
Squares
12.406292
27.053961

F Ratio Prob > F

Sum of
Squares
5 0.63206461
11 1.3037412

F Ratio Prob > F

Source

DF

F Ratio Prob > F

Sampling date
Error

5
11

0.8727

0.5296

B) δ13C
Source

DF

Sampling date
Error

5
11

1.0089

0.4569

C) %N
Source
Sampling date
Error

DF

1.0666

0.4290

D) C:N
Sum of
Squares
1.9202080
24.947336

0.1693

0.9687
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Table 9: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“lower stipe” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
4.2679740
40.476807

F Ratio Prob > F

Sampling date
Error

5
12

Sum of
Squares
3.8569954
15.830540

F Ratio Prob > F

Sum of
Squares
5 0.36747841
12 0.26973954

F Ratio Prob > F

Source

DF

F Ratio Prob > F

Sampling date
Error

5
12

0.2531

0.9302

B) δ13C
Source

DF

Sampling date
Error

5
12

0.5847

0.7118

C) %N
Source
Sampling date
Error

DF

3.2696

0.0430*

D) C:N
Sum of
Squares
28.548845
37.532230

1.8256

0.1822
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Table 10: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“mid stipe” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
11.839766
11.847662

F Ratio Prob > F

Sampling date
Error

5
12

Sum of
Squares
7.5444265
15.411068

F Ratio Prob > F

Sum of
Squares
5 0.34914831
12 0.11433380

F Ratio Prob > F

Source

DF

F Ratio Prob > F

Sampling date
Error

5
12

2.3984

0.0996

B) δ13C
Source

DF

Sampling date
Error

5
12

1.1749

0.3765

C) %N
Source
Sampling date
Error

DF

7.3290

0.0023*

D) C:N
Sum of
Squares
15.962666
43.114566

0.8880

0.5186
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Table 11: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“upper stipe” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
9.4304717
29.006140

F Ratio Prob > F

Sampling date
Error

5
12

Sum of
Squares
2.8054153
14.249206

F Ratio Prob > F

Sum of
Squares
5 0.14449415
12 0.24323279

F Ratio Prob > F

Source

DF

F Ratio Prob > F

Sampling date
Error

5
12

0.7803

0.5827

B) δ13C
Source

DF

Sampling date
Error

5
12

0.4725

0.7899

C) %N
Source
Sampling date
Error

DF

1.4257

0.2838

D) C:N
Sum of
Squares
8.5410402
86.235124

0.2377

0.9382
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Table 12: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“sporophyll” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
49.697329
257.08333

F Ratio Prob > F

Sampling date
Error

5
12

Sum of
Squares
46.594241
42.081929

F Ratio Prob > F

Sum of
Squares
5 0.18715081
12 0.9810036

F Ratio Prob > F

0.4639

0.7959

B) δ13C
Source

DF

Sampling date
Error

5
12

2.6573

0.0768

C) %N
Source
Sampling date
Error

DF

0.4579

0.8001

D) C:N
Source

DF

Sampling date
Error

5
12

Sum of
Squares
45.718617
56.63271

F Ratio Prob > F
1.9375

0.1614
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Table 13: One-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“vegetative blade” region among sampling dates for control thalli.

A) %C
Source

DF

Sum of
Squares
23.714312
132.29322

F Ratio Prob > F

Sampling date
Error

5
12

Sum of
Squares
63.202167
44.13467

F Ratio Prob > F

Sum of
Squares
5 0.66614426
12 0.5849882

F Ratio Prob > F

Source

DF

F Ratio Prob > F

Sampling date
Error

5
12

0.4302

0.8191

B) δ13C
Source

DF

Sampling date
Error

5
12

3.4369

0.0370*

C) %N
Source
Sampling date
Error

DF

2.7330

0.0713

D) C:N
Sum of
Squares
222.34823
291.89734

1.8282

0.1817
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Table 14: Two-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“holdfast” region due to sampling date, treatment, and sampling date*treatment for thalli
in the control and experimental treatments. Data from sampling date 7/1/2017 were
excluded from these analyses since it was the start of manipulations, and all samples
taken on this date were from control thalli.

A) %C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

Sum of
Squares
27.645945
12.944017
56.704419
414.97135

F Ratio Prob > F

Sum of
Squares
27.558627
4.041117
13.773876
82.18356

F Ratio Prob > F

Sum of
Squares
0.2779159
0.5694745
1.1061541
5.0027033

F Ratio Prob > F

Sum of
Squares
9.286240
12.869228
7.791449
68.640506

F Ratio Prob > F

0.6496
0.4055
0.4441

0.6306
0.7499
0.9344

B) δ13C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

3.2695
0.6392
0.5447

0.0210*
0.5943
0.8714

C) %N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

0.5416
1.4798
0.7186

0.7061
0.2350
0.7244

D) C:N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

1.3191
2.4373
0.3689

0.2799
0.0791
0.9669
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Table 15: Two-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“lower stipe” region due to sampling date, treatment, and sampling date*treatment for
thalli in the control and experimental treatments. Data from sampling date 7/1/2017 were
excluded from these analyses since it was the start of manipulations, and all samples
taken on this date were from control thalli.

A) %C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

Sum of
Squares
4.746362
59.872255
10.634690
192.67561

F Ratio Prob > F

Sum of
Squares
8.913089
2.592792
11.302640
47.102493

F Ratio Prob > F

Sum of
Squares
0.36063836
0.04822125
0.14616272
1.1625048

F Ratio Prob > F

Sum of
Squares
23.653891
3.110348
18.140975
130.17747

F Ratio Prob > F

0.2463
4.1432
0.1840

0.9102
0.0120*
0.9985

B) δ13C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

1.8923
0.7339
0.7999

0.1307
0.5379
0.6483

C) %N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

3.1023
0.5531
0.4191

0.0258*
0.6491
0.9469

D) C:N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

1.8170
0.3186
0.4645

0.1445
0.8119
0.9236
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Table 16: Two-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“mid stipe” region due to sampling date, treatment, and sampling date*treatment for thalli
in the control and experimental treatments. Data from sampling date 7/1/2017 were
excluded from these analyses since it was the start of manipulations, and all samples
taken on this date were from control thalli.

A) %C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

Sum of
Squares
28.56232
114.14771
88.08347
163.72792

F Ratio Prob > F

Sum of
Squares
13.449021
4.543557
9.575281
73.68169

F Ratio Prob > F

Sum of
Squares
0.19069689
0.04131723
0.48197865
1.6146554

F Ratio Prob > F

Sum of
Squares
22.973154
16.052767
18.503561
192.18085

F Ratio Prob > F

1.7445
9.2957
1.7933

0.1593
<.0001*
0.0829

B) δ13C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

1.8253
0.8222
0.4332

0.1429
0.4894
0.9402

C) %N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

1.1810
0.3412
0.9950

0.3338
0.7956
0.4707

D) C:N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

1.1954
1.1137
0.3209

0.3277
0.3549
0.9812
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Table 17: Two-way ANOVA testing variability in mean %C, δ13C, %N, and C:N in the
“upper stipe” region due to sampling date, treatment, and sampling date*treatment for
thalli in the control and experimental treatments. Data from sampling date 7/1/2017 were
excluded from these analyses since it was the start of manipulations, and all samples
taken on this date were from control thalli.

A) %C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

Sum of
Squares
15.084289
69.440186
29.988750
134.27302

F Ratio Prob > F

Sum of
Squares
25.232046
10.386903
10.760713
72.16457

F Ratio Prob > F

Sum of
Squares
0.20216451
0.06303702
0.25578549
0.8324823

F Ratio Prob > F

Sum of
Squares
32.646299
4.992616
47.620980
285.01336

F Ratio Prob > F

1.0953
6.7230
0.7259

0.3724
0.0009*
0.7177

B) δ13C
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

3.4090
1.8711
0.4846

0.0175*
0.1504
0.9115

C) %N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

2.3677
0.9844
0.9986

0.0693
0.4101
0.4681

D) C:N
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

1.1168
0.2277
0.5430

0.3625
0.8765
0.8726
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APPENDIX – A: Results for δ15N

A
B
BCD

17

18

CD

18

BCD

18

BC

D

18

12

18

Figure A1: Mean δ15N for control thalli among thallus regions. Sample sizes are
indicated by the number at the base of each bar. Letters indicate significant differences
among thallus regions; thallus regions not connected by the same letter are significantly
different. Error bars are ±SE.
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Figure A2: Mean δ15N for control thalli among sampling dates and thallus regions. Error
bars are ±SE. See Table A2 for significance.
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A
B

B

AB
B

Figure A3: Mean δ15N in the “holdfast” region for control & experimental thalli among
sampling dates. Letters indicate significant differences among sampling dates; sampling
dates not connected by the same letter are significantly different. Error bars are ±SE.
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A

AB

AB
B

B

Figure A4: Mean δ15N in the “mid stipe” region for control & experimental thalli among
sampling dates. Letters indicate significant differences among sampling dates; sampling
dates not connected by the same letter are significantly different. Error bars are ±SE.
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A

AB
B

AB

Figure A5: Mean δ15N in the “upper stipe” region for control & experimental thalli
among treatments. Letters indicate significant differences among treatments; treatments
not connected by the same letter are significantly different. Error bars are ±SE.
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Figure A6: Mean δ15N in the “sporophyll” region for control & experimental thalli
among sampling dates & treatments. Sporophyll tissue was not present on harvested thalli
from the minus sporophylls treatment on 10/9/2017 and 4/21/2018. It was also missing
from the minus both treatment on 10/9/2017 and 11/8/2018. Bars with no error bars
denote that there was one data point.
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Figure A7: Mean δ15N in the “sorus” region for control & experimental thalli among
sampling dates & treatments. Soral tissue was not present on any harvested thalli from
the minus sporophylls treatment for all dates. It was also missing from the control thalli
on 4/21/2018, and from the minus both treatment on 10/9/2017, 1/14/2018, and
4/21/2018. Bars with no standard error bars denote that there was one data point.
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Figure A8: Mean δ15N in the “vegetative blade” region for control & experimental thalli
among sampling dates & treatments. Vegetative blade tissue was not present on any
harvested thalli from the minus vegetative blade treatment on 10/9/2017, 4/21/2018, and
7/19/2018. It was also missing from thalli in the minus both treatment on 10/9/2017 and
1/14/2018. Bars with no standard error bars denote that there was one data point.
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Table A1: One-way ANOVA testing variability in mean δ15N due to thallus region for
control thalli. Data from all sampling dates was included in this analysis.

Source

DF

Thallus region
Error

6
112

Sum of
Squares
82.546037
64.90227

F Ratio Prob > F
23.7412

<.0001*
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Table A2: Two-way ANOVA testing variability in mean δ15N among sampling date,
thallus region, and sampling date*thallus region for control thalli. The “sorus” thallus
region was not present for all dates, and therefore excluded from these analyses.

Source

DF

Sampling date
Thallus region
Sampling date*Thallus region
Error

5
5
25
71

Sum of
Squares
3.974640
79.690737
21.447513
26.53958

F Ratio Prob > F
2.1266
42.6385
2.2951

0.0721
<.0001*
0.0034*
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Table A3: Two-way ANOVA testing variability in mean δ15N by thallus region due to
sampling date, treatment, and sampling date*treatment for thalli in the control and
experimental treatments. Data from sampling date 7/1/2017 were excluded from these
analyses since it was the start of manipulations, and all samples taken on this date were
from control thalli. Sporophyll, sorus, and vegetative blade regions were not present for
each sampling date or treatment and therefore, were unable to be analyzed statistically.

A) Holdfast
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

Sum of
Squares
10.762719
0.169146
7.995115
22.566166

F Ratio Prob > F

Sum of
Squares
1.7602255
0.9230664
0.9399670
8.266589

F Ratio Prob > F

Sum of
Squares
2.8699573
0.1087638
2.3484022
7.749107

F Ratio Prob > F

Sum of
Squares
2.5022175
3.2561753
2.2725425
12.261088

F Ratio Prob > F

4.7694
0.0999
1.1810

0.0031*
0.9596
0.3290

B) Lower stipe
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

2.1293
1.4888
0.3790

0.0950
0.2322
0.9635

C) Mid stipe
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
40

3.7036
0.1871
1.0102

0.0117*
0.9045
0.4579

D) Upper stipe
Source

DF

Sampling date
Treatment
Sampling date*Treatment
Error

4
3
12
39

1.9898
3.4524
0.6024

0.1151
0.0256*
0.8267
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APPENDIX – B: Results for %C, δ13C, %N, and C:N in the sporophyll, sorus, and
vegetative blade regions of control and experimental thalli

Figure B1: Mean %C, δ13C, %N, and C:N values for the “sporophyll” region
among sampling dates and treatments. Sporophyll tissue was not present on harvested
thalli from the minus sporophylls treatment on 10/9/2017 and 4/21/2018. It was also
missing from the minus both treatment on 10/9/2017 and 11/8/2018. Bars with no
standard error bars denote that there was one data point.
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Figure B2: Mean %C, δ13C, %N, and C:N values for the “sorus” region across
sampling dates and treatments. Soral tissue was not present on any harvested thalli from
the minus sporophylls treatment for all dates. It was also missing from the control thalli
on 4/21/2018, and from the minus both treatment on 10/9/2017, 1/14/2018, and
4/21/2018. Bars with no standard error bars denote that there was one data point.
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Figure B3: Mean %C, δ13C, %N, and C:N values for the “vegetative blade” region
across sampling dates and treatments. Vegetative blade tissue was not present on any
harvested thalli from the minus vegetative blade treatment on 10/9/2017, 4/21/2018, and
7/19/2018. It was also missing from thalli in the minus both treatment on 10/9/2017 and
1/14/2018. Bars with no standard error bars denote that there was one data point.

